The gene for an enzyme with single or dual specificity on complex carbohydrates has been transferred from its native host (Thermoanaerobium brockii), a thermophilic anaerobe, into Escherichia coli and Bacillus subtilis.
Greater thermostabilities and wider pH optima are often highly preferred traits for industrial enzymes. When dextrose and high-fructose corn syrup are produced from starch, two processes are initially followed. First, starch is liquefied with a highly temperature-stable a-amylase (EC 3.2.1.1). Then, during saccharification, a pullulanase (EC 3.2.1.41), a debranching enzyme, can be added with glucoamylase (EC 3.2.1.3) to yield greater than 94 to 95% dextrose. During the latter step, both enzymes must be compatible at pH 4.3 to 5.0 and survive for days at 60°C. Glucoamylase acts as an exo-degrading carbohydrase, while pullulanase debranches ot-1-->6 linkages.
Pullulanases (pullulan 6-glucanohydrolases) have been found in various organisms (10, 12, 19, 20, 28, 32) , but most work on pullulanases involves Klebsiella aerogenes (formerly Aerobacter aerogenes) (21, 26, 30, 31, 34) . A debranching enzyme from Thermoanaerobium brockii was found to be highly thermostable and to have a pH optimum of 5.0 (properties superior to those found for most pullulanases, including the debranching enzyme from K. aerogenes). Since very low amounts (0.23 U/ml) of enzyme were assayed in the cell-free broth of a T. brockii fermentation, the T. brockii debranching-enzyme gene was a prime candidate for transfer into a host such as Bacillus subtilis that potentially might produce higher levels of extracellular enzyme. B. subtilis has demonstrated its efficacy as a host by secreting large amounts of certain enzymes (5) . Here we report the expression of the T. brockii debranching-enzyme gene in and product secretion from B. subtilis and characterize the enzyme properties and substrate specificities.
MATERIALS AND METHODS Media and plates. LB-glucose and tryptic soy-glucose media and plates were prepared as described elsewhere (4) . PM plates and POM overlay medium containing d-cycloserine were made according to Morgan et al. (18) . Pullulanreactive red (PRR) plates contained 1.5% agar and 2% PRR in 100 mM sodium acetate (pH 5.0); their preparation has * Corresponding author.
been described earlier (33) . The procedure of Rinderknecht et al. (23) was modified to prepare PRR; i.e., pullulan and reactive red were used to substitute for starch and Remazolbrilliant blue.
Medium for T. brockii fermentations contained Proflo (4%), Mor-rex 1918 (Table 1) , and Kanr DE' transformants were selected on tryptic soy-glucose-kanamycin (10 ,ug/ml) and PRR plates. For examining plasmids in cell lysates, 2 to 3 ml of cells, grown overnight at 37°C in tryptic soy-glucosekanamycin (10 p.g/ml), was sedimented and then suspended in 100 ,ul of 12.5% sucrose-100 mM EDTA-50 mM Tris (pH 7.5), followed by the addition of 50 ,ul of lysozyme (20 mg/ml). After (27) .
Preparation of carbohydrate hydrolysates for NMR spectroscopy. For nuclear magnetic resonance (NMR) spectroscopy, after an overnight incubation at 37°C of strain Bi-20(pCPC903) in 200 to 400 ml of tryptic soy-glucose, the cells were sedimented at 7,000 rpm for 20 min. Two volumes of isopropanol were added to the supernatant, and the mixture was chilled at -20°C for several hours. The enzyme was precipitated at 11,000 rpni for 20 min, air dried, and suspended in sterile water.
A 10-ml solution of 5% starch or pullulan in 0.1 M sodium acetate (pH 5.0) was incubated at 60°C with (40 to 100 U) or without enzyme for 24 to 48 h. Before NMR analysis, samples were centrifuged at 8,000 rpmn for 10 min, and the supernatants were concentrated in a flash evaporator to 1.5 to 2.0 ml. Samples, in D20, were sealed in 10-mm NMR tubes. Natural-abundance 13C-NMR spectra were recorded using a Brucker AM 400 WB NMR spectrometer operating at 100.6 MHz in the proton-decoupled mode.
Purification of the debranching enzyme exported from B. subtilis. An overnight culture of strain B1-20(pCPC903) was grown at 37°C in 1.5 liters of tryptic soy-glucose medium.
After the cells were removed, the fermentation broth was brought to 3% (wt/vol) of CaCI2 and stirred for 10 min. A precipitate was removed at 4,800 x g (20 min), and the supernatant was adjusted to pH 5.0 with glacial acetic acid. VOL. 169, 1987 Granular starch (125 g), previously equilibrated with 50 mM sodium acetate (pH 5.0), was added to the enzyme solution, and the solution was stirred at 4°C for 16 h. The starch was collected by suction filtration and washed twice with cold acetate buffer (600 ml per wash). The starch cake was extracted three times with acetate buffer (400, 250, and 250 ml) by incubating the starch slurry at 60°C for 1 h with constant stirring. All extracts were suction filtered while hot and then pooled. After the enzyme extract was saturated to 30% with ammonium sulfate (no precipitate was formed), the clear solution was applied to an Octyl-Sepharose CL-4B column (1.6 by 12 cm). The column was previously equilibrated with 350 ml of ammonium sulfate (30% saturation in 50 MM potassium phosphate, pH 6.5). The column was then eluted stepwise with ammnonium sulfate of 30, 20, and 0% saturation in the buffer. The eluates from 0 to 10% ammonium sulfate were rich in enzymatic activity and displayed different protein patterns in polyacrylamide gel electrophoresis (PAGE). They were designated debranching enzyme-1 and debranching enzyme-2, respectively, and were individually concentrated to about 2 ml by using an Amicon Diaflo fitted with a YM-10 membrane for further purification.
An Ultrogel column (1.6 by 100 cm) was equilibrated with 50 mM sodium acetate buffer (pH 5.0) containing 100 mM NaCl and 0.02% sodium azide. The concentrated enzyme solution was loaded on the column and eluted with the same buffer. Every third fraction (4 ml per fraction) was assayed for debranching-enzyme activity (33) . By PAGE, protein band patterns of the active fractions were inspected before they were pooled. Two separate Ultrogel column chromatographies were thus performed to complete the purification of the T. brockii debranching enzyme-1 and debranching enzynme-2 secreted from B. subtilis.
Estimation of molecular weights. To estimate the molecular weight of the enzyme, a 9% polyacrylamide gel (1 by 120 by 120 mm) containing 0.1% SDS and 375 mM Tris hydrochloride (pH 8.8) was used according to the Laemmli procedure (13) , except that the enzyme and marker proteins were incubated in sample buffer (62.5 mM Tris hydrochloride, pH 6.8, 1.25% SDS, 1.25% P-mercaptoethanol, 12 .5% glycerol, 0.00125% bromophenol blue) at 600C for 2 h. After electrophoresis, half of the gel was stained with Coomassie brilliant blue to detect protein bands. The other half, containing the same samples, was washed four times with acetate buffer (50 mM, pH 5, containing 25% isopropanol in the first two washes) to remove SDS. For detection of active bands of debranching enzyme, the gel was then placed on top of a PRR gel (33) . After incubation, debranching enzyme, which produced distinct bands of clearing on the red gel, was then matched with the appropriate protein bands on the Coomassie blue-stained gel for an estimation of molecular weight.
RESULTS AND DISCUSSION
Transfer of the debranching-enzyme gene into E. coli and B. subtilis. Cloning of the debranching-enzyme gene into each host was done as outlined in Materials and Methods. After partial HindlIl fragments of T. brockii genomic DNA were ligated with HindIII-cut pBR322, recombinants were transferred to E. coli RR1, and Amp' Tets colonies were selected and then grown on pullulan plates (PM) containing dcycloserine to screen for those colonies with intracellular debranching enzyme. The colony producing the largest zone was designated as RR1(pCPC901). The 15.5-kb plasmid (pCPC901, not shown), containing 11.2 kb of T. brockii DNA, was subsequently trimmed to a 9.9-kb plasmid desig- by Efstathiou and Truffaut (6) showed that the Clostridium acetobutylicum gene for f-isopropyl malate dehydrogenase could also be expressed, and a genetic defect could be complemented, in B. subtilis.
Proof of the 2.2-kb PstI fragment (from T. brockii) cloned into E. coli and B. subtilis. The 2.2-kb PstI fragment common to both pCPC902 and pCPC903 (Fig. 1 ) was shown to be homologous to a similarly sized fragment in a PstI digest of T. brockii chromosomal DNA (Fig. 2) . This fragment, isolated from pCPC903 and 32p labeled, was used to probe T. brockii chromosomal DNA and the plasmids pCPC902, pCPC903, and pBD8 (one of the parent plasmids of pCPC903). After Southern blotting and probe hybridization, the 2.2-kb fragments in T. brockii DNA, pCPC902, and pCPC9-03 were found to be homologous. pBD8 was not hybridized by the probe.
Purification of the B. subtilis debranching enzyme and estimation of molecular weights. Table 2 summarizes the purification of the T. brockii debranching enzyme secreted from B, subtilis B1-20(pCPC903). The purified debranchingenzyme species 1 and 2 had pullulanase specific activities of 45 and 50 U/mg and corresponded to 850-and 950-fold purification over the crude broth, respectively. The combined yield, including both debranching-enzyme species, was 33%. From the results of PAGE and SDS-PAGE (Fig.   3) , the homogeneity of the purified debranching enzymes was evaluated. One major protein band for debranching enzyme-1 and, for debranching enzyme-2, two major bands with equal intensity of Coomassie staining were observed by SDS-PAGE. Protein bands with debranching-enzyme activity could be easily detected by overlaying the SDS-polyacrylamide gel on a PRR gel. Minor protein bands that were seen did not produce any bands of clearing on a PRR gel. By comparing mobilities of the enzymes with those of marker proteins, molecular weights of 105,000 for debranching enzyme-1 and 93,000 and 87,000 for debranching enzyme-2 have been estimated. Since both B. subtilis Bl-109, as compared with other B. subtilis strains, secrete large amounts of protease, it is possible that the proteins with molecular weights of 93,000 and 87,000 are protease digestion products of debranching enzyme-1. When the same purification scheme was used, enzyme secreted from T. brockii also contained three active bands of sizes (100,000, 82,000, and 70,000) similar to those found coming from B. subtilis (SDS-PAGE data not shown). Most pullulanases are approximately 1 x 105 to 1.5 x 105 molecular weight (19, 26, 29) .
Glycosylation and thermostabilities of debranching enzymes from T. brockii and B. subtilis. Posttranslational modifications of enzymes, such as glucosylation, can affect not only their resistance to inactivation by protease degradation but also their thermostabilities (16) . Therefore, the debranching enzymes, native and from B. subtilis, as well as Aspergillus niger glucoamylase (a glycosylated enzyme), were electrophoresed on polyacrylamide gels (1). Glycoprotein was detected by staining the gel with periodic acid-Schiff reagent (3) . Although the glucoamylase and T. brockii (native) enzyme were densely stained, no glycosylation of the debranching enzyme secreted from B. subtilis was evident (data not shown).
The thermostabilities of the T. brockii (native) and B. subtilis debranching enzymes were examined by incubation at 70°C in 50 mM sodium acetate (pH 5.0) and in the absence of substrate. The enzyme solution was prepared to contain 1 U of debranching enzyme and was supplemented with bovine serum albumin at 200 jxg/ml. After incubation for certain periods of time, the residual enzyme activity was assayed. Since half-lives of thermostabilities, determined via linear regressions, were 109 and 241 min for the B. subtilis and native enzymes, respectively, the native enzyme may be preferable for more high-temperature processes. However, the presence of substrate would greatly stabilize enzyme from either host. Although more debranching enzyme was secreted from B. subtilis, the diminished enzyme thermostability might be a reflection of its lack of glycosylation by B. subtilis. Additionally, differences in extracellular proteases a-1--*6 linkages, and none of the a-1-->4 bonds, in pullulan were cleaved ( Fig. 5A and B ; Table 3 ). Carbon assignments for the a-1-4 and a-1-*6 linkages were 101.5 and 99.1 ppm, respectively (see legend to Fig4 5) . The spectra for the control (pullulan in the absence of enzyme sample) and the pullulan hydrolysate are compared in Fig. 5A and B, respectively. For the hydrolysate analyzed in Fig. 5B , approximately 30% of the a-1-*6 glucosidic linkages were cleaved; i.e., comparative integratiOns of the peaks at 99.1 ppm in Fig. 5A and B resulted in a 30% redUction. Integration and comparison of the peaks at 101.5 ppm (a-1-*4 linkages) showed no difference. Therefore, with pullulan as the substrate only a-1--+6 bonds were affected and maltotriose was the DP-3 product.
Such was not the case for Lintner soluble starch (a-1-4 of 96% and oa-1-6 of 4%o) ( Fig. 5C and D) . The carbon assignments were similar to those in Fig. 5A and B. The same amounts of enzyme as used for the pullulan hydrolysates reduced a-1--t4 linkages in starch from 96% in the control (Fig. 5C ) to 71.26% in the digested sample (Fig. SD) . However, the a-1--+6 bonds were barely affected, i.e., from 4% to 3.02%. B. subtilis debranching-enzyme samples, pu- glucosidic linkages (12%) as compared with starch (4%) and pullulan (33%). NMR revealed that the B. subtilis debranching enzyme hydrolyzed a-1-*6 linkages of DP-N to 3% while reducing a-1-4 glucosidic linkages from 88 to 70% (Table  3) . Specificity of this debranching enzyme is obviously not characteristic of a true pullulanase, i.e., hydrolysis of only ot-1->6 glucosidic bonds with little or no cleavage of a-1-4 linkages (22) . Rather, the affinity of this debranching enzyme for a complex carbohydrate may be dependent on that substrate's ratio ofax-1---6 to a-1-*4 bonds and their location within the molecule. Previous reports (8, 25) describe an a-amylase from Thermoactinomyces vulgaris that demonstrates dual specificity by attacking some of the a-1-+6 glucosidic linkages in partial hydrolysates of pullulan as well as a-1-*4 linkages in starch and pullulan. Subsequent work (24) revealed that the T. vulgaris enzyme can hydrolyze a-1-4 glucosidic linkages in starch and pullulan at the same catalytic site.
